Mucosal-associated invariant T (MAIT) cells are abundant innate-like T lymphocytes in mucosal tissues and recognize a variety of riboflavin-related metabolites produced by the microbial flora. Relevant issues are whether MAIT cells are heterogeneous in the colon, and whether the local environment influences microbial metabolism thereby shaping MAIT cell phenotypes and responses. We found discrete MAIT cell populations in human colon, characterized by the diverse expression of transcription factors, cytokines and surface markers, indicative of activated and precisely controlled lymphocyte populations. Similar phenotypes were rare among circulating MAIT cells and appeared when circulating MAIT cells were stimulated with the synthetic antigens 5-(2-oxoethylideneamino)-6-D-ribitylaminouracil, and 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil. Furthermore, bacteria grown in colon-resembling conditions with low oxygen tension and harvested at stationary growth phase, potently activated human MAIT cells. The increased activation correlated with accumulation of the above antigenic metabolites as indicated by mass spectrometry. Thus, the colon environment contributes to mucosal immunity by directly affecting bacterial metabolism, and indirectly controlling the stimulation and differentiation of MAIT cells.
INTRODUCTION
Mucosal-associated invariant T (MAIT) cells are a unique subset of evolutionary-conserved innate-like T lymphocytes found in blood and mucosae. MAIT cells express a semi-invariant TCR 1 with marked TCR oligoclonality. 2 In humans, MAIT TCR is composed of three TCRα chains in which TRAV1-2 is rearranged to TRAJ33, TRAJ20, or TRAJ12 and paired with TCRβ chains mostly belonging to the TRBV6 and TRBV20 families. [2] [3] [4] MAIT cells responding to diverse pathogens including Mycobacterium smegmatis, Salmonella typhimurium, and Candida albicans displayed pathogenspecific differences in their TCRβ usage. 5 These findings support substantial heterogeneity across the MAIT cell repertoire and suggested the presence of adaptive-like responses within some MAIT cell populations. [4] [5] [6] MAIT cells comprise 1-5% of T cells in the periphery and are present at~2% and 10-30% of tissue resident T cells in mucosal sites and in the liver, respectively, in humans and mice. 1, [6] [7] [8] They develop in the thymus upon interaction with MHC class I-related protein (MR1) expressed on CD4 + CD8 + thymocytes. 9 Mature MAIT cells exit the thymus as naïve cells, seed bone marrow 3 and require commensal flora and B cells for acquisition of effector/ memory phenotype. 1, 10 The probable role of B cells is to present antigens to MAIT cells in defined niches, whereas that of commensal flora is to release antigenic molecules that stimulate MAIT TCR. 11, 12 Indeed, only infections with bacteria, which produce the stimulatory antigens, activate MAIT cells in vivo. 13 In some instances MAIT cells are stimulated by an array of cytokines independently from TCR engagement. 8, 14, 15 Metabolites generated in the riboflavin (vitamin B2) pathway stimulate MAIT cells. [16] [17] [18] [19] The key molecule is the intermediate metabolite 5-amino-6-(1-D-ribitylamino)uracil (5-A-RU), which gives rise to structurally related antigens. The first antigen is the enzymatically generated 6,7-dimethyl-8-(D-ribityl)lumazine 16 (RL-6,7-diMe), the immediate precursor of riboflavin. 20 This compound also gives rise to 7-hydroxy-6-methyl-8-D-ribityllumazine and to reduced 6-hydroxymethyl-8-D-ribityllumazine, which both stimulate MAIT cells. 16 Other two antigens are pyrimidine-like molecules, namely 5-(2-oxoethylideneamino)-6-D-ribitylaminouracil (5-OE-RU) and 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU). 18 These compounds result from non-enzymatic condensation of 5-A-RU with the dialdehyde glyoxal or the ketoaldehyde methylglyoxal 18 (MG), respectively, and thus are adducts representing chemical side reactions of the pathway not required for riboflavin synthesis.
Both 5-OP-RU and 5-OE-RU, but not RL-6,7-diMe, make a Schiff base with Lys43 of MR1, generating highly stable complexes with MR1 and stabilizing it in a MAIT cell-stimulatory conformation. 18 Increased expression of MR1 on the surface of antigen-presenting cells (APCs) pulsed with these antigens is a consequence of this stabilization. 21, 22 In contrast, RL-6,7-diMe binds weakly to MR1 and refolds inefficiently with recombinant MR1. 17 MAIT cell activation is strongly influenced by the mode of ligand binding to MR1 and the chemical structure of the stimulatory metabolites. For example, 5-OP-RU has a very short half-life, and becomes stable only after binding MR1. 22 Thus, the physiological relevance of 5-OP-RU is determined by immediate formation of a Schiff base with MR1. The variety of MAIT cell antigens raises questions about the nature of stimulatory metabolites produced under physiological conditions, and specificities of their effects on MAIT cell response.
The metabolism of commensal and opportunistic microbes in the gut constantly adapts to changing host conditions. [23] [24] [25] [26] [27] Whether the mucosal physiological conditions affect the relative abundance of MAIT-stimulatory metabolites, thus influencing the type of MAIT cell activation, has not yet been investigated. Here we show that diverse metabolite antigens induce differential MAIT cell responses. In addition, we found that growth conditions affect the relative abundance of these MAIT cell-stimulatory compounds in bacteria, thereby influencing MAIT responses.
RESULTS
MAIT cells freshly isolated from normal human colon exhibit activation signature To characterize the heterogeneity of colon-resident MAIT cells, we profiled normal colon biopsies and matching blood samples from six individuals using multicolor flow cytometry. Each sample was analyzed with a panel of 13 monoclonal antibodies including those specific for activation and immunomodulatory markers (e.g., CD137, CD69, CD25, HLA-DR, PD-1, LAG-3, CTLA4, TIGIT, CD38, and CD244, see Supplementary Table 1 online) . t-SNE analysis revealed that MR1-5-OP-RU-tetramer-positive MAIT cell populations in biopsies clustered only in three main regions. MAIT cells in these regions were rare in the blood indicating important phenotypic differences between mucosal and circulating MAIT cells (Fig. 1a and Supplementary Figure 1) .
Gut-resident MAIT cells differed from blood MAIT cells according to the expression patterns of activation and immunomodulatory markers (Fig. 1b) . A larger number of intestinal MAIT cells showed expression of CD69, HLA-DR, CD25, TIGIT, PD-1, CTLA4, and LAG-3 as compared with blood-derived MAIT cells (Fig. 1c and Supplementary Figure 1) .
Next, we analyzed the expression of transcription factors T-bet and RORγt, together with those of granzyme B, IFNγ, IL-17, IL-22, and TNFα after PMA stimulation of paired gut-resident and circulating MAIT cells from seven donors (Fig. 2 and Supplementary Table 2 ). Gut-resident MAIT cells distributed into distinct subpopulations, which minimally overlapped with blood-derived MAIT cells (Fig. 2a) , indicating that, like the activation markers, the expression of cytokines and transcription factors was also distributed differently compared to circulating cells. About 9% of gut-resident MAIT cells expressed RORγt, and 65% were T-betpositive, while in blood they were 1.5% and 40%, respectively. The percentage of gut-resident MAIT cells positive for all tested cytokines and granzyme B was significantly increased compared to that of blood (Fig. 2c) . Unsupervised cluster analysis using DBSCAN identified 25 populations of MAIT cells (Fig. 2d) . Populations 11, 12, 14, 20 , and 25 contained higher frequencies of gut-derived MAIT cells (Supplementary Figure 2) , whereas populations 2, 18, 19, 21, and 24 were more abundant in bloodderived MAIT cells. Populations 11, 12 , and 14 in the gut showed high production of IL-17 and TNFα (Fig. 2e) , while populations 11 and 12 also produced IFNγ. Population 20 mostly produced TNFα, while population 25 produced both TNFα and IFNγ. The populations significantly more abundant in the blood (2, 18, 19, 21 , and 24, Supplementary Figure 2 ) instead produced very low amounts or no IFNγ, TNFα, IL-17, and IL-22 (Fig. 2e) . These findings suggest that in the colon, MAIT cells express activation markers ( Fig. 1) and are primed for production of pro-inflammatory cytokines in large amounts.
These phenotypes and functions probably reflect constant stimulation by metabolites derived from commensal and opportunistic microflora. The expression of inhibitory molecules might provide a suitable mechanism to balance local continuous antigen stimulation. These observations suggest that the microflora and probably the gut microenvironment have important effects on tissue resident MAIT cells.
Potency hierarchy of MAIT cell-stimulatory metabolites We then sought to determine whether the bacterial metabolites, which stimulate MAIT cells with different potencies, 28 have different effects on MAIT cells. We used synthetic 5-OE-RU, 5-OP-RU, and RL-6,7-diMe presented by engineered A375 cells lacking functional MHC class I and class I-like molecules, transduced with a hybrid β2M-human MR1 gene (A375.MR1) Horizontal bars represent mean ± sd. d Semi-automated clustering using DBSCAN to identify MAIT cell populations and e heatmap of their relative expression of the indicated markers in individual MAIT cell populations in gut vs. blood (n = 7). *P < 0.05 by Wilcoxon-rank test. The red asterisks denote populations significantly increased in gut vs. blood, the blue ones those decreased (ref. 29 and Supplementary Figure 3) . These APCs were engineered in order to limit alloreactive stimulation and prevent the effects of MHC class-I-binding inhibitory molecules potentially expressed by MAIT cells.
All three synthetic MAIT cell antigens increased MR1 surface expression (Supplementary Figure 3a) , thereby confirming the stabilization capacity of these molecules. 30 In this assay, RL-6,7-diMe induced MR1 upregulation less efficiently than the other compounds ( Supplementary Figure 3b) . At high concentrations (50-500 µM), 5-OP-RU was more effective than the other compounds (Supplementary Figure 3b) .
To examine the potencies of the three synthetic antigens in stimulating MAIT cells, we selected two human MR1-restricted MAIT cell clones, MRC25 and SMC3, which express canonical TRAV1.2-TRAJ33 TCRα chains paired to different TCRβ chains (Table 1 ) and respond to E. coli-infected APCs. 2, 29 The release of IFNγ by MAIT cell clones upon antigen recognition was used to measure the potency (effective concentration for half-maximum response, EC 50 ) of each tested compound. 5-OP-RU and 5-OE-RU were highly stimulatory to both clones, whereas RL-6,7-diMe displayed lower potency (Fig. 3a, b) . SMC3 was slightly more sensitive than MRC25 (Fig. 3c ) and each compound showed comparable EC 50 values in each of the two clones ( Fig. 3c and Table 1 ). The stimulatory capacity of these antigens displayed a consistent potency hierarchy of 5-OP-RU > 5-OE-RU > RL-6,7-diMe.
We next compared the three synthetic antigens and E. coli cell extract for their capacity to stimulate MAIT cells present in freshly isolated PBMC. Due to the TCR heterogeneity of circulating MAIT cells, the antigen-induced downregulation of the TCR in polyclonal MAIT cell populations was used to determine the EC 50 of each compound; one such example is shown in Fig. 3d . Dose response curves confirmed the hierarchy of potencies observed with MAIT clones, (Fig. 3e , f and Table 1 ). Despite inter-donor variability, 5-OP-RU at EC 50 doses induced upregulation of CD69 in stimulated circulating MAIT cells from five healthy donors, and CD25 and CD137 in three out of five donors (Supplementary Figure 4) . In contrast, EC 50 doses of 5-OE-RU and RL-6,7-diMe did not induce comparable MAIT cell activation in the majority of donors (Supplementary Figure 4) . These findings are in line with other studies conducted with T cells engineered with TCR genes from one MAIT clone and indicating 5-OP-RU as a potent antigen. 16, 18 We next assessed whether the same hierarchy was observed in the presence of APCs expressing physiological levels of MR1 as those present in blood. PBMCs from healthy individuals were exposed for a short time to synthetic antigens without the addition of exogenous APCs. The downregulation of the TCR and concomitant upregulation of the activation markers CD69, CD25, and CD137 on MAIT cells was analyzed by flow cytometry (Supplementary Figure 5a,b) . Also under these experimental conditions, the previously observed potency hierarchy was observed. However, the efficiency of stimulation was much lower; the EC 50 concentrations calculated from TCR downregulation werẽ 10 2 -10 3 times higher than those observed in the presence of MR1-transfected APCs (EC 50 5-OP-RU, 43.2 nM; EC 50 5-OE-RU, 3.21 µM), and even at high concentrations (500 µM) of RL-6,7-diMe, TCR downregulation was barely detectable.
Phenotypic changes of MAIT cells after activation by synthetic antigens
To analyze the antigen-induced phenotypic changes, circulating MAIT cells were stimulated for 24 h with A375.MR1 cells and three 
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hi as in d of another donor in response to varying doses of e 5-OP-RU (circles), 5-OE-RU (squares), RL-6,7-diMe (diamonds) or f E. coli extract. One representative out of five experiments is shown doses each of the three synthetic antigens and two concentrations of E. coli extract (Fig. 4) . The activation and immunomodulatory markers that were investigated are described in Supplementary  Table 1 .
Unstimulated MAIT cells (Fig. 4l) and those stimulated by RL-6,7-diMe clustered in two major overlapping areas (Fig. 4a-c) . RL-6,7-diMe was active only at the highest dose tested, confirming the weak antigenicity of this metabolite. At low concentrations, 5-OE-RU and 5-OP-RU induced minor but clear changes in cluster distribution when compared to unstimulated MAIT cells (Fig. 4d, g vs. l). At higher doses, both 5-OE-RU and 5-OP-RU induced the appearance of novel clusters (Fig. 4e, f, h, i) , distinct from those observed after stimulation with RL-6,7-diMe. The main cluster of resting cells observed in the unstimulated condition (Fig. 4l ) disappeared after stimulation with 50 nM 5-OE-RU and with 5 nM 5-OP-RU, confirming the differential potency of these two antigens.
The unpurified antigens present in E. coli extracts induced a dose-dependent response with the appearance of clusters very similar to those induced by 5-OE-RU and 5-OP-RU (Fig. 4j, k vs. e, f and h, i).
When circulating MAIT cells were stimulated for 72 h with A375. MR1 cells and the EC 50 of each antigen, the expression of each marker was different from that observed after 24 h (Supplementary Figure 6 ), indicating that continuous stimulation induces further phenotypic changes.
These data indicated that freshly isolated MAIT cells respond to synthetic antigens by differential modulation of surface markers involved in T-cell activation and regulation.
MAIT cells split into different groups upon stimulation with different antigens To further investigate the differential MAIT cell response to weak (RL-6,7-diMe), intermediate (5-OE-RU), and strong (5-OP-RU) antigens, PBMCs were stimulated with A375.MR1 and with each of these synthetic analogs at concentrations inducing TCR downregulation. The analysis of flow-cytometry data was performed at two time-points (24 and 72 h after stimulation) using FlowSOM, a semi-supervised clustering and dimensional reduction algorithm. 31 MAIT cells were fit to the best matching node according to the expression of surface markers. Nodes 5, 8, 11, 17, 19, 20, 21, 22, 23, 24 , and 25 are shown in Fig. 5a , while all the other nodes are shown in Supplementary Figure 7a . As illustrated by the node size, the majority of MAIT cells stimulated with RL-6,7-diMe for 24 h distributed in the self-organizing map similarly to unstimulated cells, and expressed low levels or none of the investigated markers (Fig. 5b, node 5 ). In contrast, cells stimulated by 5-OE-RU or 5-OP-RU were fit to three similar nodes (20, 23, and 25) with different phenotypes (Fig. 5b) . Nodes 23 and 25 contained MAIT cells expressing the activation markers CD137, CD69, CD25, and the regulatory molecules PD-1 and LAG-3 (Fig. 5b) . Cells in nodes 23 and 25 were different because they expressed different levels of investigated marker. For instance, MAIT cells in node 25, but not in node 23, displayed low-surface expression of CD3, indicating a strong response to antigen of these cells (Fig. 5b) .
MAIT cells activated by E. coli extracts were more similar to that induced by 5-OE-RU than to the activation observed in response to RL-6,7-diMe ( Fig. 5b and Supplementary Figure 7b ). This analysis revealed MAIT cell responsiveness can be classified into discrete steps, uniquely depicting their response to weak, intermediate, and strong antigens.
MAIT cells analyzed 72 h after stimulation did not show downmodulation of Vα7.2 TCR chain and CD3 (Fig. 5c and Supplementary Figure 7c) , independently of the stimulating antigen, confirming the transient nature of CD3-TCR complex downregulation following antigen recognition. 32 Cells responsive to the weak antigen RL-6,7-diMe were dispersed across nodes 9-11. MAIT cells in node 9 and 10 expressed PD-1, and those in node 9 co-expressed CD38 and low levels of LAG-3 and HLA-DR (Supplementary Figure 7c) . Thus, the analysis of MAIT cells 72 h after stimulation with the weak RL-6,7-diMe antigen clearly displayed differences to unstimulated cells.
After 72 h, MAIT cells stimulated with 5-OE-RU, 5-OE-RU, and E. coli extract fit to nodes 22 and 24, and expressed the activation markers CD25, CD69, and CD38, together with the immunomodulatory molecules LAG-3 and PD-1 (Fig. 5c) . Cells in node 24 also expressed two additional activation markers; HLA-DR and CD137, thus indicating a higher level of activation in this MAIT cell population than that of node 22 (Fig. 5c) . Collectively, these data suggest that the potency of MR1-ligands strongly influences MAIT cell expression of activation and immunomodulatory markers whose differential combinations distinguish responsive MAIT cell populations.
Bacterial cell culture conditions modulate MAIT cell-stimulating capacity Bacterial growth conditions exert important effects on microbial metabolism and intestinal environmental conditions shape the development and composition of the adaptive immunity. 33 According to this paradigm, we investigated whether E. coli adapted to grow in gut-related conditions acquire unique capacities to induce MAIT cell activation and phenotypic changes. 
hi MAIT cells after down-sampling and concatenation of all conditions. Warm color regions of the t-SNE map depict regions of higher cell density. Experiments were performed twice with comparable results in two different donors Bacterial metabolites were extracted from E. coli grown in different conditions including altered carbon sources and concentrations, various oxygen tensions, or various starting pH values. Bacterial extracts, normalized for their optical density and expressed as CFU/mL were assessed for the capacity to induce IFNγ release by MAIT cell clones. By comparing the half-maximal effective dose response (ED 50 ) to bacterial extract, we assessed the antigenic potency of E. coli harvested during exponential or stationary phase, when grown in nutrient-rich LB medium or in minimal M9 medium. The ED 50 stimulating SMC3 cells was significantly lower with extracts from E. coli harvested in stationary vs. exponential phase (Fig. 6a, b) , suggesting accumulating antigens are a product of secondary metabolism, active during stationary phase growth. The rich nutrient composition of LB medium also favored stimulation and the ED 50 calculated for LB and M9 were 10 5.18 ± 0.16 and 10 7.44 ± 0.09 (mean ± sd), respectively, for cells harvested during their exponential growth, and 10 4.51 ± 0.07 and 10 5.93 ± 0.06 , respectively, for cells grown at stationary phase (Fig. 6a, b) . When stationary phase E. coli were grown in M9 medium with a starting pH ranging from 6.0 to 7.5 (the physiological pH range within the distal intestinal tract 34 ), all extracts had similar potency (Fig. 6c) , indicating that tested pH conditions do not significantly modulate the bacterial stimulatory ability.
To test whether oxygen modulates the production and accumulation of MAIT antigens, we compared the stimulatory capacity of bacterial extracts obtained from E. coli grown under aerobic or anaerobic conditions. Extracts from anaerobically grown stationary phase E. coli were more stimulatory than those from aerobically grown E. coli (Fig. 6d) , suggesting that oxygen limitation enhances the capacity of E. coli to activate MAIT cells.
Finally, we assessed the impact of carbon sources during stationary growth of E. coli on their MAIT-stimulatory capacity. As indicated by low ED 50 values, extracts from E. coli grown with 40 mM glucose were more potent than those from E. coli grown with 4 mM glucose ( Fig. 6e and Supplementary Figure 8a) . Supplementing M9 medium with a variety of sole carbon sources at 40 mM and comparing the ED 50 obtained with the same concentration of glucose, we observed that extracts from E. coli grown with xylose showed a comparable ED 50 , while extracts from bacteria grown with ribose were more potent ( Fig. 6e and Supplementary Figure 8b,c) . In contrast, extracts from E. coli grown with sodium pyruvate showed reduced stimulatory capacity ( Fig. 6e and Supplementary Figure 8d) . When non-fermentable carbon sources like glycerol, lactate and acetate were added as sole carbon source, E. coli extracts were less efficient than extracts from bacteria grown in 40 mM glucose (Fig. 6f and Supplementary  Figure 8e-g ). Taken together these results indicate that growth phase, oxygen tension and carbon sources, but not pH, influence MAIT cell antigenicity of E. coli lysates.
Accumulation of stimulatory metabolites in different bacterial growth conditions
To gain insight into the bacterial physiology that underlies the observed culture-dependent alteration of MAIT cell stimulation, we performed untargeted metabolome analysis of E. coli grown in defined media with seven different sole carbon sources (glucose, xylose, ribose, pyruvate, glycerol, lactate, and acetate) and at four different pH values (6.0, 6.5, 7.0, and 7.5) for glucose. The identical bacterial lysates were also used to stimulate MAIT cells and determine their ED 50 . To assess how the 573 detected metabolites changed between growth conditions, we performed a pair-wise Fig. 7 Accumulation of riboflavin and precursor metabolites in E. coli depending on carbon source. Log 2 fold change in the abundance of riboflavin-precursor metabolites in E. coli extracts grown in M9 medium supplemented by the indicated sole carbon sources (40 mM) or glucose at 4 mM, relative to that obtained with M9 supplemented by 40 mM glucose (n = 4). Metabolite amounts were determined by mass spectrometry. Log 2 fold changes of metabolites are color coded comparison (t-test) using glucose (pH 7) as the reference condition (Supplementary Table 3 ). To relate metabolite changes to actual pathways, we performed a metabolite set enrichment analysis on significantly altered metabolites (log 2 fold change) using the pathway definitions in the KEGG database. 35, 36 E. coli grown in ribose led to the strongest stimulation amongst all conditions (Fig. 6e) , coinciding with metabolites enriched in purine and folate metabolism (Supplementary Figure 9a) . In contrast, pyruvate and lactate conditions that poorly stimulated MAIT cells (Fig. 6e, f) showed reduced abundance of purine metabolites, illustrated by pathway enrichment of decreasing metabolites (Supplementary Figure 9b) . Both purine and folate pathways are directly connected to the riboflavin pathway 20 and are thus potentially linked to the generation of MAIT cell antigens. 16, 18 Hence, these findings support our hypothesis that altered bacterial growth conditions affect the production of riboflavin precursors and correlate with the altered capacity of bacteria to stimulate MAIT cells.
To further investigate this possibility, we focused on the abundance of metabolites in the riboflavin pathway. Compared to glucose as a sole carbon source, E. coli grown with ribose, xylose, and glycerol showed an increase in abundance of several riboflavin precursors including; GTP, the first metabolite in the pathway; 2,5-diamino-6-(5-phospho-D-ribosylamino)pyrimidin-4 (3H)-one; 5-amino-6-(5′-phospho-D-ribitylamino)uracil; 5-A-RU, and RL-6,7-diMe (Fig. 7) . In contrast, the levels of these metabolites were unchanged or reduced in the weakly stimulating acetate, lactate or pyruvate conditions (Fig. 7) . These findings consolidated our hypothesis that E. coli growth conditions facilitating MAIT cell stimulation coincide with an increased abundance of riboflavin biosynthesis intermediates.
Next, we analyzed the levels of the riboflavin-derived antigens 5-OE-RU, 5-OP-RU, RL-6,7-diMe, and their precursor 5-A-RU. Compared to glucose at 40 mM, 5-A-RU was significantly increased in xylose and glycerol (Fig. 8a) , RL-6,7-diMe was increased in xylose (Fig. 8b) , and 5-OE-RU in 4 mM glucose (Fig. 8c) . The potent MAIT cell stimulator 5-OP-RU was increased in xylose and ribose conditions (Fig. 8d) . Taken together, these results show hexose, pentose and glycerol conditions, but not pyruvate, lactate, and acetate conditions increased production of MAIT antigens and the abundance of 5-A-RU. In agreement with the unchanged MAIT cell-stimulating capacity of bacterial extracts derived from pHadjusted bacterial cultures, the abundance of riboflavin-related antigens was also stable (Supplementary Figure 10a-d) . Significant correlations between the abundance of these metabolites and the ED 50 of the corresponding extracts were observed for all investigated molecules (Fig. 8e, f, h ), except 5-OE-RU (Fig. 8g) . Overall, these findings suggest a link between accumulation of riboflavin-related metabolites and the potential of bacteria to stimulate MAIT cells.
In conclusion, the abundance of MAIT cell-stimulating metabolites significantly varies in E. coli depending on growth conditions and by extension on the local host-environment. Growth with hexose, pentose or glycerol maximized the presence of such antigenic metabolites, whereas acetate, lactate, and pyruvate and E. coli extracts from the indicated growth conditions. Extracts were normalized to their OD 600 (as in Fig. 5b, d ). MAIT cells from one healthy donor were analyzed after down-sampling and concatenation of all conditions. Colors indicate cell expression levels of CD69 (upper panels) and PD-1 (lower panels). Experiments were performed twice with comparable results in two different donors conditions reduced their abundances. Thus, adaptation of the microflora to gut-related physiological growth conditions impacts on the abundance and type of stimulatory metabolites, which in turn may modulate MAIT cell activation and heterogeneity.
MAIT cells sense bacterial growth conditions
The correlation observed between accumulation of MAIT cell antigenic metabolites depending on E. coli growth conditions and capacity to stimulate MAIT cells prompted us to investigate the phenotype of MAIT cells responding to bacteria exposed to diverse gut-related growth conditions. Flow cytometric analysis of blood MAIT cells stimulated with E. coli extracts from exponential phase revealed low levels expression of CD69 and PD-1 (Fig. 9) , while those stimulated with stationary phase E. coli showed high CD69, PD-1, CD25, and LAG-3 expression (Fig. 9 and Supplementary Figure 11) . Growth of E. coli under anaerobic conditions also led to significant activation of freshly isolated MAIT cells (Fig. 9 and Supplementary Figure 11) , confirming the data obtained with stimulation of a MAIT clone (Fig. 6) . In contrast, bacteria grown in aerobic conditions or harvested during exponential growth phase induced weaker expression of these activation markers resulting in a t-SNE map more similar to the unstimulated control ( Fig. 9 and Supplementary Figure 11 ).
In conclusion, bacterial growth conditions directly modulate the accumulation of MAIT cell-stimulating metabolites and indirectly control their activation and expression of inhibitory receptors. This mechanism allows a fine regulation of MAIT cell response in the gut.
DISCUSSION
The human gut has been defined as an anaerobic bioreactor, which maintains a local flora composed of a few divisions of bacteria 37 and with slow microbial growth dynamics. 38 The metabolic repertoire of gut microorganisms is a key factor in shaping the phenotype, composition, and functions of resident immune cells. 39 These effects are mediated through the release of small metabolites that influence a cascade of metabolic events within host cells. 40 Some bacterial metabolites serve as antigens presented by MR1 and stimulating MAIT cells. 16, 18, 19, 41 The contribution of bacterial metabolites produced in tissues to MAIT cell activation and phenotypic differentiation remains poorly investigated.
Our studies showed that MAIT cells in human intestinal mucosa are distributed in a few distinct populations, which represent a minority of cells in the circulating pool. MAIT cells in gut biopsies expressed different combinations of HLA-DR, CD25, CD69, and CD137, suggesting variable states of activation. In particular, about 50% of MAIT cells were CD137
+ , a marker of recently activated T cells. 42 This finding is in accordance with the known capacity of intestinal bacterial flora to stimulate immune cells. 43, 44 Some MAIT cell populations expressed inhibitory receptors, including TIGIT, PD-1, CTLA4, and LAG-3. About 50% of MAIT cells in the gut were TIGIT + or PD-1 + ; however, only a minor percentage of cells coexpressed these two markers, while most of TIGIT + cells were LAG-3-and CTLA4-negative. These findings indicate that active stimulation occurs in the gut and that MAIT cells rely on different inhibitory mechanisms to dampen their responsiveness to antigen. Most of the MAIT cells observed in colon biopsies express T-bet and only some RORγt transcription factors distinctive of T H1 and T H17 functional phenotypes, respectively. Accordingly, we found that they produce large amounts of proinflammatory cytokines and granzyme B when compared to circulating MAIT cells. The expression of activation markers together with that of inhibitory molecules and the efficient cytokine production suggests that MAIT cells in the colon are primed T cells that might either (i) become readily reactivated, (those not expressing inhibitory receptors) or (ii) remain nonresponsive after antigen stimulation (being regulated by inhibitory receptors). The proper balance between these cell populations might be relevant to local immunity.
Notably, a large number of MAIT cells responded to extracts from E. coli grown under conditions simulating key features of the colon microenvironment (carbon sources, oxygen tension, and growth phase) by expressing TIGIT or PD-1, while a few cells expressed LAG-3 and CTLA4. Although similar phenotypes were observed in MAIT cells from gut biopsies, it is not possible to conclude that the observed ex vivo phenotypes is a consequence of the same stimulation applied in vitro.
In agreement with published work, 16, 18, 22 the activity of 5-OP-RU was very potent as low picomolar concentrations induced IFNγ release in MAIT cell clones and TCR downregulation in freshly isolated polyclonal MAIT cells. In contrast, 5-OE-RU and RL-6,7-diMe, respectively, were 10 2 -10 3 and 5 × 10 5 -10 9 fold less potent than 5-OP-RU in TCR downregulation. The same potency hierarchy was observed with APC displaying low physiological levels of MR1, although TCR down modulation and high expression of CD25, CD69, and CD137 markers required higher antigen doses. Using such APC, RL-6,7-diMe was poorly stimulatory, even at high doses, thus implicating the importance of MR1 protein levels on the surface of APC in defining the contribution of each antigen to activation.
Stimulation with 5-OP-RU and 5-OE-RU also induced the expression of surface markers found in ex vivo analyzed gutderived MAIT cells. The weak RL-6,7-diMe antigen did not induce the same upregulation of activation and inhibitory markers at either high doses or after prolonged stimulation. Similar observations were found with the FlowSOM self-organizing map algorithm. This analysis also showed that the investigated markers appeared on stimulated cells in discrete steps, characterized by early appearance of activation markers followed by the inhibitory ones. At a 72 h time point, most cells grouped in two major nodes after stimulation with 5-OP-RU and 5-OE-RU and E. coli, but not with RL-6,7-diMe. Thus, different antigens induce different phenotypic changes in MAIT cells.
Having characterized the stimulating capacity of each antigen, we compared their levels in bacteria grown under different conditions. Bacterial metabolism is influenced by environmental cues including nutrient and metabolite concentrations, pH, oxygen tension, as well as microbial cell replication time, and host immune responses. [23] [24] [25] [26] [27] By altering in vitro culture conditions we identified several factors, also present in the gut, capable of modulating the capacity of E. coli to activate MAIT cells. E. coli grown in stationary phase and slowly replicating, as occurs in human gut, 38 stimulated MAIT cells more efficiently than bacteria grown in nutrient-rich media and in exponential phase. Moreover, the absence or low tension of oxygen during bacterial growth enhanced MAIT cell stimulation. Probably, stationary phase and anaerobiosis enhance MAIT cell stimulation by multiple mechanisms with accumulation of MAIT stimulating metabolites providing a critical contribution. In addition, the possibility exists that the relative abundance of non-stimulatory MR1-binding metabolites might affect stimulation.
Metabolomics analysis of extracts from bacteria grown with a sole carbon source indicated a correlation between the increase of purine, vitamin B9 (folic acid) and B2 (riboflavin) pathways, and stimulatory capacity. Metabolites from the three pathways were abundant in E. coli grown in defined media supplemented with ribose, which induced the strongest stimulation of MAIT cells. Furthermore, metabolites of the riboflavin pathway showed high levels in the ribose-supplemented condition, and a significant correlation was observed between low EC 50 (high potency) and increased levels of 5-OP-RU, RL-6,7-diMe, and its precursor 5-A-RU.
Extracts of E. coli grown with low oxygen and in stationary phase also induced expression of surface markers on MAIT cells resembling the markers present on ex vivo investigated colon MAIT cells. These similarities indicate that stimulation occurs inside the gut, possibly facilitated by the local accumulation of potent microbial antigens.
Open issues are: (i) how the steep oxygen gradients are in the gut 45 and (ii) how the precise localization of bacteria in the colon directly affects MAIT cell stimulation. The half-lives of 5-OP-RU and 5-A-RU are very short, 22 and when produced by bacteria located in the central part of the gut lumen they are unlikely to stimulate MAIT cells located in intraepithelial space and lamina propria as they must pass through the glycocalyx that forms a thick bilayered structure in the colon. 33 In contrast, 5-OP-RU and 5-A-RU released by bacteria growing in the microaereophilic zone adjacent to epithelial cells are more available for presentation by MR1. Since the latter bacteria are directly affected by local immune responses, a reciprocal influence can be envisaged. Therefore, the balance between local microbial surveillance and bacterial riboflavin metabolism might be relevant to MAIT cell activation.
In conclusion, these studies showed that different populations of MAIT cells in the gut exhibit phenotypes of cells with recent antigen experience either ready for further responses or regulated by inhibitory receptors. Similar phenotypes are induced by metabolite antigens that accumulate under low oxygen conditions and during slow bacterial growth. Thus, MAIT cells represent an innate-like population of T cells with the capacity to sense the metabolic state of enteric bacteria.
METHODS

Human samples and cell lines
Colon biopsies and paired blood samples were obtained from the Gastroenterology Unit, University Hospital Basel, Switzerland. Samples were from patients under colon cancer screening and were normal at histological evaluation. The study was approved by the Swiss ethics commission (no. 139-13) and written informed consent was obtained from all subjects. For further details and description of T-cell isolation from biopsies, and used cell lines, see Supplementary Methods.
Functional assays For description of T-cell stimulation, flow cytometry, multidimensional analyses, metabolite synthesis, extraction of bacterial metabolites, metabolomics methods, and statistical analyses, see Supplementary Methods.
